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Abstract

The boreal summer intraseasonal variability (BSISV) associated with the 30-50 day mo

represented by the co-existence of three components, poleward propagation of convection o

Indian and tropical west Pacific longitudes and eastward propagation along the equator. T

pothesis that the three components influence each other has been investigated using observ

NCEP-NCAR reanalysis, and solutions from an idealized linear model. The null hypothesis i

the three components are mutually independent. Cyclostationary EOF (CsEOF) analysis is a

on filtered OLR to extract the life-cycle of the BSISV. The dominant mode of CsEOF is sign

cantly tied to observed rainfall over the Indian subcontinent. The components of the heatin

terns from CsEOF analysis serve as prescribed forcings for the linear model. This allows

ascertain which heat sources and sinks are instrumental in driving the large-scale monsoon

lation during the BSISV life-cycle.

We identify three new findings: (i) the circulation anomalies that develop as a Rossby w

response to suppressed convection over the equatorial Indian Ocean associated with the p

break phase of the BSISV precondition the ocean-atmosphere system in the western Indian

and trigger the next active phase of the BSISV, (ii) the development of convection over the tro

west Pacific forces descent anomalies to the west. This, in conjunction with the weakened

equatorial flow due to suppressed convective anomalies over the equatorial Indian Ocean

the tropospheric moisture over the Arabian Sea, and promote westerly wind anomalies that

recurve over India. As a result the low-level cyclonic vorticity shifts from India to southeast A

and break conditions are initiated over India, and (iii) the circulation anomalies forced by eq

rial Indian Ocean convective anomalies significantly influence the active/break phases ov
-1



of the
tropical west Pacific. Our model solutions support the hypothesis that the three components

BSISV influence each other.
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1. Introduction

During the Asian Summer Monsoon (ASM) season (June-September) there are two

ferred locations of convection over the Indian longitudes, over the continent and over the eq

rial Indian Ocean (Fig. 1a), often referred to as a bimodal structure in convection (Sikka

Gadgil 1980). These regions exhibit maxima in the variance of convection (Fig. 1b). The tr

tion of convection from its oceanic to continental regime often involves intraseasonal north

propagation over India and the Bay of Bengal (Yasunari 1979; 1981; Krishnamurti and Subr

nian 1982; Gadgil 1990). Similar north-northwestward migration of convection is also obse

over the western Pacific (e.g., Murakami et al. 1984; Lau and Chan 1986; Chen and Mura

1988; Wang and Rui 1990). These northward and northwestward propagating componen

exist with the eastward propagating Madden-Julian oscillation (MJO) that is weaker in sum

than in winter (Julian and Madden 1981; Hendon and Salby 1994). Collectively, these three

agating components dominate the intraseasonal variability during the ASM season (Gadg

Asha 1992; Goswami 1994; Webster et al. 1998; Annamalai and Slingo 2001, hereafter refe

as AS01). Unless mentioned, throughout the present paper we refer to this intraseasonal

which has a time scale of 30-50 days, as the boreal summer intraseasonal variability (BS

The subseasonal variability of the ASM is also influenced by the 10-20 day mode and highe

quency synoptic systems (Gadgil and Asha 1992). However, in the present study we conce

our analysis on the 30-50 day mode because it is associated with large-scale monsoon con

and circulation anomalies (AS01), and it explains more variance than the 10-20 day mode.

Over and above modulating the active and break phases of the ASM, the BSISV mod

the mean monsoon circulation (e.g., Krishnamurthy and Shukla 2000; Goswami and Ajayam

2001) and also the genesis of monsoon depressions over the Bay of Bengal and tropical cy
1
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over the west Pacific (e.g., Liebmann et al. 1994; Goswami et al. 2003). Therefore, the stat

properties of the BSISV can influence the interannual variability of the ASM (Fennessy

Shukla 1994; Palmer 1994; Goswami 1994; Ferranti et al. 1997; Annamalai et al. 1999; Spe

al. 2000; Krishnamurthy and Shukla 2000; Goswami and Ajayamohan 2001). Yet, current a

spheric general circulation models (AGCMs), when forced by observed sea surface tempe

(SST), fail to simulate many aspects of the BSISV (e.g., Sperber et al. 2001; Kemball-Cook

2002; Kang et al. 2002; Waliser et al. 2004). Thus, we seek a broader understanding of the

actions that give rise to the BSISV.

Several mechanisms have been proposed for the northward propagation of convectio

the Indian and west Pacific longitudes. They include: (i) surface hydrology, (ii) air-sea interac

and (iii) equatorial wave dynamics. While Webster (1983) emphasized the role of land su

heat fluxes in destabilizing the atmosphere ahead of the region of ascent, Goswami and

(1984) stressed the importance of a convection-thermal relaxation feedback. Implementing

modifications to Webster’s model, Gadgil and Srinivasan (1990) and Srinivasan et al. (1993

ther highlighted the importance of hydrological processes. By incorporating the space-time

tions in surface pressure, the model realistically simulated the persistence of the active pha

the Indian subcontinent (Nanjundiah et al. 1992). From an AGCM study, Ferranti et al. (1

showed that feedbacks from the land-surface are not necessary for poleward propagation,

variance associated with the BSISV enhances when the hydrology is interactive.

Both observations (e.g., Krishnamurti et al. 1988; Hendon and Glick 1997; Sperber

1997: Sengupta et al. 2001; Kemball-Cook and Wang 2001; Hsu and Weng 2001; Woolnou

al. 2001; Vecchi and Harrison 2002; Sperber 2003) and coupled model experiments (e.g., W

et al. 1999; Kemball-Cook et al. 2002; Fu et al. 2003) indicate that at the intraseasonal time
2
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positive SST anomalies lead the convection by about 10 days. This lead/lag relationship a

to be a critical factor in the organization and poleward migration of convection over the In

longitudes (Fu et al. 2003). In AGCM’s forced by SST, such a lead/lag relationship is absen

may account for the poor simulation of the BSISV (Waliser et al. 2004).

Lau and Peng (1990) show that as a result of the interaction of the large-scale monsoo

with the equatorial Kelvin waves, unstable baroclinic Rossby modes are generated over the

soon region at about 15-20oN. Krishnan et al. (2000) suggest that forcing by dry (suppress

convective anomalies over the Bay of Bengal leads to the development of low-level anticyc

circulation anomalies as a Rossby wave response, which then propagate northwest to initi

monsoon break over India. Lawrence and Webster (2002) show that the northward propa

convection is forced by surface frictional convergence into the low pressure center of the R

cell that is excited by equatorial convection. Wang and Xie (1997), Kemball-Cook and W

(2001) and Jiang et al. (2004) point out that the emanation of Rossby waves is largely respo

for the northward migration of convection in the western Pacific and India. On the other h

Hsu and Weng (2001) suggest that the combination of ocean-atmosphere interaction and c

tion-convection interactions lead to the northwestward propagation in the western Pacific.

a. Quadrapole Structure in Convection

Figure 1c shows the variance explained by outgoing longwave radiation (OLR) at intra

sonal time scales during boreal summer. High variability is noticeable over (a) the equa

Indian Ocean, (b) the northern Indian Ocean, including the Arabian Sea and the Bay of Be

(c) the northern tropical west Pacific, and to a lesser extent over (d) the equatorial west Paci

the four regions, the northern tropical west Pacific exhibits the largest variance, though tha
3
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the Arabian Sea is largest when expressed as a percent of the total variance (Fig. 1d). Con

with the variance distribution, during its life cycle the convection associated with the BS

depicts a “quadrapole” structure over the ASM domain (e.g., Lau and Chan 1986; Krishnan

2000; AS01; also Fig. 2). Lau and Chan (1986) applied extended empirical orthogonal fun

(EEOF), and AS01 used Principal Oscillation Pattern (POP) analysis on filtered OLR

obtained the quadrapole structure, a north-south dipole over the Indian longitudes and a co

mentary pattern over the tropical west Pacific longitudes, and AS01 suggested that the quad

arises due to the co-existence of the three propagating components. Sperber et al. (2000)

fied a similar pattern which was found to control the intraseasonal and interannual variatio

the Indian summer monsoon. The quadrapole structure in convection is a robust feature, as

further demonstrated in Section 3a.

Virtually all of the studies mentioned above examined the BSISV either over the India

over the west Pacific longitudes in “isolation”. For example, it is known that the convective a

ity over the equatorial Indian Ocean modulates the active-break cycles over India (e.g., Sikk

Gadgil 1980), but it is unknown if the former influences the active-break cycles over the

Pacific. Additionally, the importance of the suppressed phase of convection to the life cycle

BSISV is unclear.

b. Present study

Here, we will investigate whether the three propagating components of the BSISV influ

each other. The null hypothesis is that they are mutually independent. We examine if the co

tive and associated circulation anomalies over the west Pacific longitudes exert considerable

ence on the convective and circulation anomalies over the Indian longitudes and vice-vers
4
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this purpose, we use reanalysis products, observed precipitation, a new diagnostic tool to c

the life cycle of the BSISV, and identify the relative impacts of local heating anomalies to

overall flow using an idealized model.

The paper is organized as follows: In Section 2 the data, the method used, and a

description of the simple atmospheric model is given. Section 3 describes the observed cha

istics of the BSISV, in terms of its evolution, air-sea interaction and Rossby wave dynamics

the relative role of the local heating anomalies to the overall flow obtained from the model

tions. Section 4 summarizes our conclusions.

2. Data, Method and Model

a. Atmospheric Data

The bulk of the atmospheric data used in our study is from the NCEP-NCAR reanalys

the period 1979-95 (Kalnay et al. 1996). [This period was chosen to correspond with our pre

intercomparison of summer monsoon in the NCEP-NCAR reanalysis and the European Cen

Medium-Range Weather Forecasts 15-year reanalysis (Annamalai et al. 1999). Additionall

is the base simulation period of the Atmospheric Model Intercomparison Project (AMIP II)

which we will analyze summer monsoon variability in a subsequent paper.] The data assimi

and forecast model was implemented operationally at NCEP in January 1995. The model is

a horizontal resolution of T62 and with 28 vertical levels. Upper air data on standard pressur

faces have been supplied on a 2.5˚ latitude/longitude grid. Surface and 24-hour forecast

(e.g., fluxes) are on the equivalent T62 Gaussian grid. Optimally interpolated SST of Rey

and Smith (1994) were linearly interpolated to daily values.
5
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The Advanced Very High Resolution Radiometer (AVHRR) OLR on the NOAA polar orb

ing satellites has been used to identify the convective signature of the BSISV. These data

been daily averaged and processed on to a 2.5o latitude/longitude grid with missing values filled

by interpolation (Liebmann and Smith 1996). Intraseasonal variations of rainfall are characte

using the pentad-based Climate Prediction Center Merged Analysis of Precipitation (CM

This data set uses essentially the same algorithm and data sources as the monthly CMAP

described by Xie and Arkin (1996).

b. Cyclostationary EOF’s (CsEOF)

Some disadvantages in using POP analysis include fitting a sinusoidal function to the

spatial patterns to obtain the life cycle of the BSISV (AS01), and in the case of EEOF ana

more than one EEOF and their corresponding Principal Component (PC) time series are nee

obtain the evolution of the BSISV (e.g., Lau and Chan 1986; Waliser et al. 2003). Addition

the EEOF matrix subjected to analysis is overly large when using daily data since paddi

lagged information is required. Since the CsEOF operates on the cyclicity of the covariance

tion, the space-time evolution is directly derived from the analysis (Kim and North 1997; Kim

Wu 1999).

Kim and Wu (1999) compared CsEOF analysis with other techniques commonly empl

to extract space-time characteristics from geophysical time series such as EEOF, comple

and POP. They found that CsEOF analysis captures the propagative features more realistic

particular when the covariance of the given time series is cyclic in nature. For example, this

nique has been successfully used to understand the propagative features of the ENSO (K

Wu 1999; Kim 2003).
6
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CsEOF differs from standard EOF techniques in that it incorporates the “cyclicity” in

covariance function. Consider a time series in which the first two moment statistics, mea

covariance, are periodic with period “d1” and “d2”, respectively. The cyclicity in the mean re

sents, for example, the annual cycle (d1= 1 year) and can be removed from the data. The cy

in the covariance function indicates that the given time series is cyclostationary rather than

tionary one. The life cycle of the BSISV is approximately 40 days (Lau and Chan 1986; Lawr

and Webster 2002; AS01) and therefore taken as the cyclicity in the covariance function (d2

days). In CsEOF analysis d2 is called the “nested period”. Similar to standard EOF computa

CsEOFs are obtained as eigenfunctions of the cyclic covariance function, and the periodi

dependence of the Bloch functions (eigenfunctions) is due to the periodic time dependence

covariance function. Therefore, instead of one spatial pattern as in EOF analysis, a Bloch fu

represents a series of spatial patterns for the nested period, d2.

The procedure for calculating CsEOFs involves three steps. First, a set of EOFs is

structed from the state space (original data) that retains more than 90% of the variance. Se

for the nested period of 40-days, the Bloch functions are constructed from the PC time se

temporal space. Finally, the Bloch functions are scaled by the EOFs to project the intende

nomenon in physical space. To preserve the cyclic stationarity in the covariance, the Bloch

tions or CsEOFs repeat every nested period, and the PCs associated with them represent

frequency modulation of the Bloch functions and are known as the “stochastic undulation”

2003). Hence, the PCs of the CsEOFs are not the appropriate base time series to extract the

ent evolution of other variables. A different procedure is adopted here and explained in Se

3b. However, it is important to stress that the CsEOF spatial patterns that characterize the B

are important, so that we may ascertain the validity of our alternate approach.
7
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c. Linear Baroclinic Model (LBM)

Linear models have been widely used as a diagnostic tool to elucidate the atmosp

response to idealized forcing (e.g., Matsuno 1966; Webster 1972; Gill 1980; Rodwell and Ho

1996; Watanabe and Jin 2002; 2003). In most cases the forcing, the anomalous diabatic he

prescribed and the model’s steady state response is sought. Linear models employed by p

studies to understand the dynamics associated with the BSISV (e.g., Wang and Xie 1997;

nan et al. 2000) have only 2 levels in the vertical (850 and 200 hPa) where the imposed hea

entirely projected on the first baroclinic mode. Wu et al. (2000) demonstrated that a single ve

mode approximation is incapable of approximating the qualitative 3-D structure of the respon

tropical heating. Further, Mapes and Houze (1995) showed that the truncation of vertical m

greatly affects the amplitude of simulated low-level winds.

The model used here has been explained in detail by Watanabe and Kimoto (2000, 2

Our configuration is similar to that used by Watanabe and Jin (2002). It is a global, time de

dent, primitive equation model linearized about the climatology derived from NCEP-NC

reanalysis for 1958-1997. The horizontal resolution is triangular truncation 21 and there a

vertical levels using the sigma (σ) coordinate system. Since the model has multiple levels, i

referred to as the linear baroclinic model (LBM), and it has the advantage of extracting all the

tical modes forced by the prescribed heating. The model employs diffusion, Rayleigh friction

Newtonian damping with a time scale of 1 day-1 for σ levels greater than or equal to0.9 and those

less than or equal to0.03, 5 day-1 and 15 day-1 for the fourth and fifth levels, while 30 day-1 is

used elsewhere. Rayleigh friction coefficients represent not only friction but also other dam

such as high frequency transient Reynolds stress (Wang 2004). The relatively weaker dam

the free atmosphere mimics nonlinearity in linear models (e.g., Ting and Yu 1998). To absor
8



of the

wave

nce the

e scale

nsitive

use at

7) and

nal to

SISV

gation

verti-

yed in

g asso-

Wang

e, for

mum

n the

ariza-

ated

nse
tically propagating waves a common approach is to incorporate strong damping at the top

models (e.g., Hendon and Salby 1996; Wu et al. 2000). In linear models, the equatorial

responses to prescribed heating depends on the selection of the damping coefficients si

zonal distance that the signals can reach is characterized by the product of the damping tim

and the zonal group speed (Wu et al. 2000). The LBM results to be discussed are not se

qualitatively to the damping rate unless the damping is unrealistically small. The values we

the model boundary layer are comparable or even stronger than that used by Wang Xie (199

Krishnan et al. (2000).

In the present study, the prescribed forcing is the anomalous diabatic heating proportio

the observed OLR (or precipitation) anomalies at various stages in the life cycle of the B

(Figs. 2 and 4). Lau and Peng (1987) and Sui and Lau (1989) showed that the zonal propa

speed of the forced signal is sensitive to the vertical structure of the prescribed heating. The

cal heating profile used is similar to that of Reed and Recker (1971) and has been emplo

many previous studies (e.g., Rodwell and Hoskins 1996). To represent the top heavy heatin

ciated with the BSISV (Mapes 2000), the maximum prescribed heating is at 400hPa (σ = 0.45).

To maintain the divergence that promotes the baroclinic structure associated with MJO,

(2004) suggests that a minimum heating of ~2-3 mm/day of rainfall is necessary. In our cas

example, to mimic the positive heating over the equatorial Indian Ocean (Fig. 2d), the maxi

heating imposed at 400hPa was 3oK/day (18-20W/m2 of OLR) or ~5 mm/day of rainfall (Fig. 4d).

The horizontal shape of the heating is elliptical (e.g., Fig. 5a) and the heating is imposed o

summer (June to September) mean climatology derived from NCEP-NCAR reanalysis. Line

tion about the zonally varying ambient flow (Section 3c) is considered. The LBM was integr

for 30 days with fixed forcing. With the dissipation terms adopted, the tropical respo
9
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approaches a steady state after day 10 and the response at day 20 is analyzed. Further, the

amplitude used here is not crucial because numerical experiments show that the 3-D struc

the response is not sensitive to the amplitude of the heating as long as the maximum heati

corresponds to less than 20 mm/day of precipitation (Wu et al. 2000).

3. Life Cycle of the BSISV

a. Cyclostationary EOF’s

To isolate the variations related to the BSISV, the daily OLR has been bandpass filtered

a 20-100 day 100 point Lanczos filter. The CsEOF analysis is then applied to the filtered

over the ASM domain (30oS-30oN, 40oE-180oE) with a nested period of 40 days. It has bee

found that the leading CsEOFs are insensitive to the domain chosen.

Figure 2 shows the dominant CsEOF mode of OLR explaining 11.2% variance. Sinc

chosen nested period is 40 days, each panel in Fig. 2 is separated by 5 days. This CsEO

describes the life cycle of the BSISV and is consistent with the results presented in Lau and

(1986), and AS01. The space-time pattern clearly indicates that this mode is associate

northward propagation over the Indian longitudes and northwestward migration of conve

over the tropical west Pacific. One major difference is that CsEOF analysis captures the

northwestward migration of the “convective maxima” associated with the Rossby waves ove

Indian and west Pacific longitudes with more clarity than Wang and Xie (1997) and Lawrenc

Webster (2002). The northward propagation occurs in conjunction with equatorial eastward

agation from the Indian Ocean to the west Pacific, characteristic of the MJO. One can easily

eate the co-existence of the three propagating components, and as such the intraseasona

are more complex during northern summer compared to northern winter. From observa
10



ompa-

d by

ean at

on of

d with

acter-

sEOF

overed

com-

regres-

tandard

cance

s by

her

udies

ngi-

esents
Lawrence and Webster (2002) found that 78% of the northward propagating events are acc

nied with eastward propagating MJO. Although the domain averaged variance explaine

CsEOF is modest, the maximum amplitude of OLR anomalies over the eastern Indian Oc

day 0 (Fig. 2d) is in the order of 18-20 W/m2.

b. Linear Regression and daily AIR variability

The CsEOF patterns in Fig. 2 give the life-cycle of convection based on the specificati

an inherent 40-day periodicity. As discussed in Section 2b, each CsEOF pattern is associate

a low-frequency time series not appropriate for extracting covarying signals. In order to char

ize the intraseasonal fluctuations, 20-100 day bandpass filtered OLR is projected onto the C

pattern in Fig. 2d. This pattern, hereafter referred to as day 0, is chosen since it is also rec

as the dominant mode in a conventional EOF analysis (not shown). The resulting principal

ponent time series, hereafter referred to as PC-4, is used for lagged linear regression. The

sions are calculated for lags of +/- 20 days. The regressed fields are then scaled by a one s

deviation perturbation of PC-4, and plotted where the regression attains at least 5% signifi

assuming each pentad is independent as in Sperber et al. (1997) and Sperber (2003).

Using filtered OLR, Lawrence and Webster (2002) constructed a regional time serie

averaging the data over (0-5oN, 85o-90oE). This regional index was used to regress against ot

variables, but did not reveal the covarying signals over the tropical west Pacific. Other st

(e.g., Kemball-Cook et al. 2002) show latitude-time Hovmoller plots averaged over certain lo

tudes to infer the poleward propagation. A benefit of the present analysis is that PC-4 repr

the convective activity over the entire ASM domain.
11
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To understand how faithfully PC-4 captures the active/break phases of the monsoon ov

Indian subcontinent, we calculated the lag correlations (+/-25 days) of PC-4 with observed

all-India rainfall (AIR) series. Prior to the calculation, the AIR series was smoothed by a 9

running mean to suppress high frequency synoptic variability. For each year we checked the

imum positive correlation (R+) and the minimum negative correlation (R-), and have plotted

larger of the square of either R+ or R- in Fig. 3. Assuming 12 degrees of freedom (R>= |0.

the relationship is significant at the 5% level, particularly in the years when the BSISV is

active (e.g., 1979). Thus, the lagged linear regressions and the model solutions are expe

reflect the active/break phases over India. In an earlier study, Sperber et al. (2000) used a d

analysis and noted the quadrapole structure in precipitation and its strong association with

AIR for the years 1971-95 (Figs. 8c, 9, and Table 1 of their paper).

c) Linear regression and LBM solutions

Figure 4 shows the regressions of PC-4 against 850hPa winds and CMAP rainfall. The

agreement between the rainfall regressions and the CsEOF patterns in Fig. 2 indicates t

lagged regressions are faithfully capturing the life cycle of the BSISV. Overall, the 850hPa

anomalies are dynamically consistent with the precipitation anomalies, and the lead/lag rel

ship among SST, convergence and convection are also present in the regressions (not sh

brevity). Briefly, the active phase of the Indian monsoon develops as the anomalous cyclon

culation, in the form of Rossby waves, move north-northwestward. The equatorial ra

enhancement moves into the western Pacific from day 0 to day 10 as the active monsoo

India matures (Figs. 4d-f). The active monsoon over India (Figs. 4f, g) is characterized by s

ger cross-equatorial flow and cyclonic vorticity over the northern Indian Ocean. The extensi
12
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convection into the western Pacific has been preceded by above-normal SST, and enhanc

vergence and 850hPa moisture (not shown). As over the Indian monsoon region, cyclonic v

ity over the tropical west Pacific dominates during the active phase. A near mirror imag

convection and circulation anomalies exists during the break monsoon phases. The observ

tures agree with recent studies (e.g., Krishnan et al. 2000; Sengupta et al. 2001).

Despite this close association between convection and circulation anomalies it is rathe

cult to test the null hypothesis that the heat sources act independently using observed regr

alone. In an attempt to isolate cause and effect relationships between the various heat sou

utilize the LBM. By specifying the individual heatings in the LBM, we can ascertain which h

source (if any) is responsible for the total low-level wind response, and determine the re

importance of remote versus local teleconnection in the life-cycle of the BSISV. The amplitu

the wind anomalies from the LBM are, however, stronger than those in the regressions but a

expected to influence our interpretation since the magnitude of the response, but not the

pattern, is proportional to the strength of the imposed heating. The eight panels in Figs. 2

describe the entire life cycle of the BSISV and we obtained solutions for each of the he

anomalies in those panels. For brevity, we show the results at selected time lags that reve

findings such as (a) initiation of convection in the western Indian Ocean (b) circulation anom

forced by west Pacific convection on the active/break phases over India, and (c) how the co

tive anomalies over the equatorial Indian Ocean influence the active-break phases over t

west Pacific.

1) Initiation of convection over the western Indian Ocean

At day -15 over the equatorial Indian Ocean, suppressed convection is the prominent fe

(Figs. 2a, 4a) and at low-level twin anticyclones develop on either side of the equator. The
13
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solution for the negative heating in Fig. 5a indicates that these arise as a Rossby wave resp

suppressed convection over the equatorial Indian Ocean (Fig. 5b). The southern hemispher

ponent is, however, weaker than its northern hemispheric counterpart due to the asymmetry

mean flow (e.g., Wang and Xie 1997; Krishnan et al. 2000). The dominance of westerly

anomalies to the east, and easterly wind anomalies within and to the west of the suppresse

vection suggest a Rossby-Kelvin wave packet (e.g., Wang and Xie 1997).

Over the near-equatorial Indian Ocean (poleward of 2.5oS) the mean climatological winds

are westerlies (e.g., Annamalai et al. 1999) and the SST over the equatorial central-eastern

Ocean is > 28oC, the threshold required for deep convection (Gadgil et al. 1984). The easterly

anomalies there act against the mean westerly flow and reduce evaporation (Fig. 6b) whic

tributes to the development of positive SST anomalies (Fig. 6a). The SST variation is primaril

to changes in latent heat flux and to a lesser degree to changes in surface shortwave flu

shown). The SST regression presented throughout are an underestimate of the actual ano

In-situ measurements during BOBMEX (e.g., Bhat et al. 2001) and SST from TRMM Microw

Imager (e.g., Sengupta et al. 2001; Vecchi and Harrison 2002) indicates that during strong B

events the peak to peak SST amplitude could be as large as 2oC. The underestimate arises due

(1) the regression over a large number of intraseasonal events, and (2) observed monthly (w

averaged SST’s were used as the boundary condition in the reanalysis prior (including and

quent) to December 1981.

Near the African coast the convection associated with the next active phase of the B

begins (Figs. 4a and 4b). Convergence (negative divergence) anomalies are located imme

to the east of enhanced rainfall, especially near 5oN on day -15 (Fig. 6c). This is accompanied b

a build-up of 850hPa moisture (Fig. 6d). The model solutions in Fig. 5 illustrate that the eas
14
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anomalies over the equatorial Indian Ocean and convergence anomalies near the African co

entirely forced by the equatorial Indian Ocean negative heating anomalies. Additional m

experiments with stronger damping at low levels and reduced magnitude of the imposed h

do not alter the results presented in Fig. 5 and our conclusion that the Rossby wave respons

suppressed convection is instrumental in the onset of the next active phase of the BSISV. S

(2003) came to the same conclusion with regard to the onset of convection during the borea

ter MJO. From observations, Maloney and Hartman (1998) noted low level convergence

increase in tropospheric water vapor over east Africa at intraseasonal timescales when dr

vective anomalies occur over equatorial Indian Ocean (their Figs. 3 and 4). In the present

we have used a simple model to demonstrate the dominant role of suppressed convection

initiation of next active phase.

Our findings at day -15 are also apparent during other portions of the BSISV life cycle

example, when the monsoon is inactive over the tropical west Pacific (Figs. 4d-f) northea

wind anomalies prevail there that counteract the climatological flow, resulting in reduced eva

tion (not shown) and positive SST anomalies (Fig. 7b). It is thus possible that over the

region, the suppressed phase of the convection preconditions the ocean-atmosphere system

next active phase of the BSISV. We are currently examining this aspect in coupled general c

tion models.

2) Active (dry) phase over the tropical west Pacific (equatorial Indian Ocean) and break initi

over India

Figure 7 shows the regressions and Figs. 8 and 9 show the model solutions for day 1

day 20. At day 10 the winds over the Bay of Bengal recurve over northern India as cyclonic c
15
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lation anomalies prevail there (Fig. 7a), and the model solution in Fig. 8a indicates that the

tive heating over the Bay of Bengal gives rise to the cyclonic anomalies over India (see als

8d). The cross-equatorial moisture source and that over the Arabian Sea dominate the inflo

India (Fig. 7c).

By day 20 the cross-equatorial flow adjacent to Africa weakens and the available moist

850hPa over the Arabian Sea diminishes rapidly (Fig. 7f). The model solutions (Figs. 8, 9

consistent with the regressions, and clearly demonstrate a significant reduction in the cy

vorticity over the Indian subcontinent from day 10 to day 20. With the transition to west

anomalies over Indian and the Bay of Bengal by day 20, the monsoon trough over the India

continent collapses. The anomalous moisture signals over the Arabian Sea and southern

Ocean between 10oS-20oS at day 10 and day 20 are in agreement with the results of Cadet

Greco (1987) who investigated the moisture budgets during the active/break phases of the

day mode during the 1979 monsoon season. The model solution for negative heating ov

equatorial Indian Ocean, Fig. 5b, indicates that the Rossby wave response dominates the lo

flow over the Indian Ocean, and extending from Saudi Arabia to the Bay of Bengal (Fig. 7d).

is borne out by the model solution (Fig. 5b) in which the response is manifested as an anticy

that weakens the cross-equatorial flow, while that further north promotes dry air advection

Saudi Arabia, Iran, Afganistan, and Pakistan. These two factors limit the availability of preci

ble water over the Arabian Sea (Fig. 7f). Dry-air advection was also noted by Sperber and P

(1996) in their analysis of the seasonal mean monsoon. A reduction in the moisture at upp

pospheric levels also occurs (not shown). Together, the lack of moisture influx by the cross-

torial flow and the dry air advection results in the weakening of precipitation intensity over I
16
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from day 10 to day 20, and additional moisture penetration into the western Pacific wher

rainfall increases (Fig. 7d).

The westerly anomalies over India and the Bay of Bengal arise largely due to the Ro

wave response to the suppressed convection over the tropical Indian Ocean (Figs. 5a, 9a a

The association of westerlies over the plains of northern India during the initiation of mon

breaks has been noted by Raghavan (1973). However, the shift of the cyclonic vorticity from

at day 10 to southeast Asia is due to the positive heating over the tropical west Pacific (Fig

Even though the wind response due to the positive heating over the tropical west Pacific do

dominate the westerly response over India, it does contribute to the reduction in convection

India by forcing descent anomalies through the depth of the troposphere (Fig. 9c). The R

wave generation in the presence of convective heating dries the atmosphere to the west of c

tion through subsidence (Gill 1980; Rodwell and Hoskins 1996). The negative heating ove

tropical Indian Ocean contributes to descent in the upper troposphere over India (Fig. 9c)

gesting that it helps cap off deep convection over India.

Bhat et al. (2001) speculated that the drying of the upper troposphere is due to f

descent anomalies. Raghavan (1973) also suggested that large-scale descent is one primar

for the inhibition of convection during break phases. Bhat et al. (2001) and Rao et al. (2004)

BOBMEX data and satellite measurements, respectively, to show that the upper tropospher

a few days before the commencement of monsoon breaks over India. This feature is also s

Fig. 10 which shows the vertical cross-section of lead-lag regressions with specific humid

92.5oE and averaged between 15oN-20oN. Apart from the fact that active (break) phases are as

ciated with deep moist (dry) layer, consistent with other measurements, the upper tropos

dries well in advance before the break sets in. Despite uncertainties in the humidity data
17
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NCEP-NCAR reanalysis (e.g., Trenberth and Guillemot 1998) the results presented in F

deserve attention. In summary, due to the co-existence of forced descent anomalies and

from above, and reduced moisture due to weakened cross equatorial flow the rainfall over

and the Bay of Bengal decreases as the monsoon break initiates.

To gain some insight into the mechanisms and to assess the relative role of west Pacifi

sus equatorial Indian Ocean in initiating the break over India we show the evolution of the ge

tential anomalies at 700hPa from the model solutions (Figs. 11 and 12). In the tropical

Pacific solution (Fig. 11), within 3 days of the imposed heating thein situ low pressure anomalies

are well developed and are compensated by high pressure anomalies to the east and west

the course of the LBM integration, the Kelvin wave component radiates eastwards, while the

pressure anomalies associated with the forced Rossby waves propagate westwards and c

entire Indian subcontinent and Arabian Sea by day 6. As the low-pressure anomalies int

over the tropical west Pacific, the Rossby waves continue to amplify attaining local height an

lies of >2 m over the Arabian Sea, and the pattern attains a steady-state by simulation day 1

interpretations presented here have close similarity to those of Rodwell and Hoskins (1996

In response to the equatorial Indian Ocean heating anomalies, thein-situ Kelvin-Rossby

wave packet develops (Fig. 12a), with the high pressure anomalies over the equatorial

Ocean compensated by low pressure anomalies over the Maritime Continent. By simulatio

6, the symmetric Rossby waves over the Indian Ocean begin their westward journey, while th

Kelvin wave generates high pressure anomalies over the Indonesian islands. During the evo

the Northern Hemisphere Rossby wave response intensifies and attains a maximum ampli

1.5 m over the Arabian Sea by day 12. The Southern Hemisphere response weakens, pr

due to the asymmetry in the mean flow (e.g., Wang and Xie 1997; Krishnan et al. 2000)
18
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above normal pressure anomalies in the Northern Hemisphere are confined to southern pen

India and the Arabian Sea. On the large-scale, the east-west pressure gradient between t

bian Sea and tropical west Pacific favors a strong zonal component at low-level resulting

weakening of relative vorticity over India.

From observations and a simple model, Krishnan et al. (2000) showed that northwest p

gating Rossby waves, triggered by suppressed convective anomalies over the Bay of Beng

tiate a break over continental India. However, their mechanism becomes effective onc

convective anomalies get organized and spread over the Bay of Bengal (e.g., Fig. 4a at Day

Figs. 4d-e of their paper). The LBM solutions presented here suggest that if one conside

extends the analysis to include the west Pacific and the effect of dry convective anomalies ov

equatorial Indian Ocean at day 20 itself, the initiation of breaks over India can be diagnosed

days earlier.

3) Role of equatorial mode in the active-break phases over tropical west Pacific

The equatorial Indian Ocean heating also plays an important role for the amplification

reduction of convection over the tropical west Pacific. At day -15 the model solutions demon

that westerly wind anomalies forced by equatorial Indian Ocean suppressed convective ano

extend zonally all the way into the west Pacific and strengthen the convergence and therefo

ongoing active phase there (Fig. 5b). When compared with the regression map in Fig. 4

model solutions clearly show that the low-level westerlies over the Bay of Bengal and north

bian Sea are due to equatorial Indian Ocean convective anomalies and are not forced b

Pacific convective anomalies (compare Figs. 5b and c). In the opposite phase, the equ

Indian Ocean forcing plays a role in the demise of the tropical western Pacific convection.
19
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larly, when the monsoon is active over India the break phase over the west Pacific is amp

(Fig. 9a).

To gain some insight into how the equatorial mode influences the west Pacific monsoo

return to Fig. 12. By day 3 of the LBM simulation, the below normal pressure over the Marit

Continent contains an eastward moving Kelvin wave and westward propagating symm

Rossby waves. During its evolution, the Kelvin wave signal continues to radiate eastwards

the Rossby wave propagates north-westwards over tropical west Pacific. By day 12 over

China Sea the local anomalies are ~1.5 m. In a theoretical study, Lau and Peng (1990) show

during northern summer, when the equatorial Kelvin waves reach the monsoon region

vicinity of 140o-150oE, unstable baroclinic Rossby modes are initiated at about 15-20oN. The

geopotenial perturbations in Fig. 12 are consistent with their results. In addition, under the

ence of mean vertical easterly shear, these Rossby waves are confined to the lower tropo

and they influence the low-level convergence (Wang and Xie 1996). This interaction only o

when a zonally varying mean flow is prescribed in the model. When zonal mean flow is presc

the growth of Rossby waves over the monsoon region is inhibited (figures not shown) cons

with the suggestion of Lau and Peng (1990) and Wang and Xie (1997).

4. Discussion and Summary

The BSISV is represented by the co-existence of three components, the poleward propa

of convection over the Indian and tropical west Pacific regions and eastward propagation alo

equatorial Indian and west Pacific Oceans (Fig. 2). In the present study we investigate wheth

three propagating components mutually influence each other using observational data an

tions to local heating anomalies from an idealized model. The null hypothesis is that the three
20
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ponents are independent. Linearization about the zonally varying mean flow (Section 3

considered. Our focus is on the active/break cycles associated with the 30-50 day mode on

The space-time evolution of the BSISV was extracted using CsEOF analysis on fil

OLR (Fig. 2). The dominant CsEOF mode explains 11% of the 20-100 day bandpass fi

domain averaged variance and describes the life cycle of the BSISV in a manner consisten

the previous results (e.g., Lau and Chan 1986; AS01). One important difference is that C

extracts the west/northwestward migration of the “convective maximum” associated with

Rossby waves over the Indian and west Pacific longitudes with more clarity. The base PC

series of OLR, used for linear regressions against ocean-atmosphere variables, is signifi

related to the daily observed rainfall over India (Fig. 3). The role of Rossby wave dynamics i

active-break phases over India (e.g., Krishnan et al. 2000; Lawrence and Webster 2002) a

tropical west Pacific (e.g., Hsu and Weng 2001) are also supported by the linear regressio

solutions from a linear baroclinic model. These model solutions have enabled us to isolate

regional heat sources contribute most strongly to the prevailing convective anomalies, an

therefore suggestive of a cause and effect relationship that otherwise could not be asce

form the regressions alone.

Our findings indicate that at day -15 both regression and model solutions (Figs. 5, 6)

that the low-level easterly wind anomalies over the near-equatorial Indian Ocean act again

mean flow and reduce evaporation, and warm the sea surface over the equatorial western

Ocean. Subsequently, near the African coast the convection associated with the next cycle

BSISV begins with 1000hPa convergence anomalies accompanied by an increase of 8

moisture. The model solutions unequivocally demonstrate that the low-level wind anom

responsible for the initiation of convection is the Rossby wave response to suppressed conv
21
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from the previous break phase of the BSISV (Fig. 5). Regression analysis and model sol

indicate that the circulation anomalies forced by suppressed convective anomalies warm th

over the entire monsoon domain (e.g., Figs. 6b, 7b).

From day 5 to day 15, the active monsoon over India is associated with a stronger

equatorial flow and abundant moisture at 850hPa over the Arabian Sea (Figs. 4, 7). As the

monsoon over India matures, the enhanced rainfall moves from the equatorial Indian Ocean

western Pacific from day 0 to day 10. As the convection intensifies and moves poleward on

15 and 20 (Fig. 7) over the west Pacific, it weakens over the Indian subcontinent. The enh

convection over west Pacific forces descent anomalies over India (Fig. 9). At the same time

anomalies forced by the strengthening of dry convective anomalies over the equatorial I

Ocean reduce the cross-equatorial flow and the available moisture at 850hPa over the Arab

reduces rapidly (Figs. 7). Based on the model solutions we conclude that the circulation an

lies forced by enhanced (suppressed) convection over the tropical west Pacific (equatorial

Ocean) help trigger the break (active) phase over India. The long lead time noted here c

exploited in forecasting the monsoon break over India.

The model solutions indicate that the circulation anomalies forced by equatorial In

Ocean convective anomalies play a role in the active and break phases over the tropica

Pacific. For example, at day 20 or day -15 (Figs. 5b, 12) the low-level westerly wind anom

over the northern Indian Ocean extending into the tropical west Pacific enhance the conve

and amplify the convection in the latter region. In summary, based on the LBM results the

hypothesis that the three components of the BSISV are independent is rejected.

The results are constrained by linear solutions to prescribed heating rather than emp

an interactive or moving heat source. In addition, the non-linearity between SST and conve
22
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over the warm pool has not been considered. In spite of these limitations, the results pre

here require that the regional aspects of the heating anomalies need to be understood for a

simulation of the BSISV. Furthermore, possible teleconnections during the life-cycle of

BSISV, including the signals over Australia (e.g., Fig. 7b) will be investigated in a future stu
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Figure Captions

Figure 1: June-September 1979-95 AVHRR OLR (a) climatological mean, (b) daily variance

20-100 day bandpass filtered variance, and (d) percent of daily variance explained by 20-10

filtered data.

Figure 2: Cyclostationary EOF’s of 20-100 day bandpass filtered AVHRR OLR for June-Sep

ber 1979-95. The EOF’s have been scaled by a one standard deviation of the PC’s to give u

Wm-2. (a) day -15, (b) day -10, (c) day -5, (d) day 0, (e) day 5, (f) day 10, (g) day 15, and (h) da

Figure 3: For each summer (June-September 1979-95) the percent variance of observed a

rainfall (AIR) departures explained by PC-4 as determined from lagged correlation analysis

daily observed AIR departures were smoothed with a 9-day running mean prior to the analysi

horizontal line corresponds to the 5% significance level assuming 12 degrees of freedom.

Figure 4: Linear regressions of PC-4 with 20-100 day bandpass filtered CMAP rainfall (mm-

1) and NCEP/NCAR Reanalysis 850hPa wind (a) day -15, (b) day -10, (c) day -5, (d) day 0, (e

5, (f) day 10, (g) day 15, and (h) day 20. Data is plotted where the regression is significant

5% level or better assuming each pentad is independent. All regressions have been scaled

standard deviation perturbation of PC-4 to give the afore-mentioned units.

Figure 5: Day -15 (a) Column integrated heating anomalies (oC day-1), Steady-state response o

850hPa wind (ms-1) and divergence (s-1) to day -15 heating: (b) negative heating over the equa
33
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Figure 6: Day -15 linear regressions of PC-4 with 20-100 day bandpass filtered (a) SST and s

temperature (oC) and surface wind (ms-1), (b) latent heat flux (Wm-2) and surface wind stress (Nm-

2), (c) 1000hPa divergence (s-1), and (d) 850hPa specific humidity (kg kg-1). Significance testing

and scaling as in Fig. 4.

Figure 7: Day 10 linear regressions of PC-4 with 20-100 day bandpass filtered (a) CMAP ra

(mm day-1) and 850hPa wind (ms-1), (b) SST and surface temperature (oC) and surface wind (ms-

1), (c) 850hPa specific humidity (kg kg-1), (df) as (a-c) but for day 20. Significance testing and sc

ing as in Fig. 4.

Figure 8: Steady-state response of 850hPa wind (ms-1) and relative vorticity (s-1) to day 10 heating.

(a) positive heating over the Bay of Bengal, (b) positive heating over the equatorial west Pa

(c) negative heating over the tropical west Pacific, and (d) total response [sum of (a), (b), an

Figure 9: Steady-state response of 850hPa wind (ms-1) and relative vorticity (s-1) to day 20 (a) pos-

itive heating over the tropical west Pacific, (b) all heatings, and (c) vertical profile of anoma

vertical velocity (ω, hPa s-1) averaged over India (70o-100oE, 10o-25oN) based on north tropical

west Pacific heating (closed circles) and negative heating over the equatorial Indian Ocean

circles). Positive (negative) values correspond to descent (ascent).
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Figure 10: Linear regressions of PC-4 with 20-100 day bandpass filtered specific humidity (k-

1) at 92.5oE, averaged between 15oN-20oN, from 1000hPa to 300hPa as a function of time lag

25 to 25 days). Significance testing and scaling as in Fig. 4.

Figure 11: Temporal evolution of 700hPa geopotential height anomalies (m) for day 20 po

heating over the tropical west Pacific. (a) day 3, (b) day 6, (c) day 9, and (d) day 12.

Figure 12: As Fig. 10 but for day 20 negative heating over the equatorial Indian Ocean.
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Figure 1: June-September 1979-95 AVHRR OLR (a) climatological mean, (b) daily variance, (c) 20-100 day
bandpass filtered variance, and (d) percent of daily variance explained by 20-100 day filtered data.
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Figure 2: Cyclostationary EOF’s of 20-100 day bandpass filtered AVHRR OLR for June-September 1979-
95. The EOF’s have been scaled by a one standard deviation of the PC’s to give units of Wm-2. (a) day -15,
(b) day -10, (c) day -5, (d) day 0, (e) day 5, (f) day 10, (g) day 15, and (h) day 20.
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Figure 3: For each summer (June-September 1979-95) the percent variance of observed all-India
rainfall (AIR) departures explained by PC-4 as determined from lagged correlation analysis. The
daily observed AIR departures were smoothed with a 9-day running mean prior to the analysis.
The horizontal line corresponds to the 5% significance level assuming 12 degrees of freedom.
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Figure 4: Linear regressions of PC-4 with 20-100 day bandpass filtered CMAP rainfall (mm day-1) and
NCEP/NCAR Reanalysis 850hPa wind (a) day -15, (b) day -10, (c) day -5, (d) day 0, (e) day 5, (f) day 10,
(g) day 15, and (h) day 20. Data is plotted where the regression is significant at the 5% level or better assum-
ing each pentad is independent. All regressions have been scaled by a 1 standard deviation perturbation of
PC-4 to give the afore-mentioned units.
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Figure 5: Day -15 (a) Column integrated heating anomalies (oC day-1), Steady-state response of
850hPa wind (ms-1) and divergence (s-1) to day -15 heating: (b) negative heating over the equatorial
Indian Ocean, (c) positive heating over the tropical west Pacific, and (d) total response [sum of (b) and
(c)].

a) Column integrated heating

c) Positive heating over the tropical west Pacific

b) Negative heating over the equatorial Indian Ocean

d) All heatings
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Figure 6: Day -15 linear regressions of PC-4 with 20-100 day bandpass filtered (a) SST and surface temper-
ature (oC) and surface wind (ms-1), (b) latent heat flux (Wm-2) and surface wind stress (Nm-2), (c) 1000hPa
divergence (s-1), and (d) 850hPa specific humidity (kg kg-1). Significance testing and scaling as in Fig. 4.

a) Surface temperature and wind

b) Latent heat flux and wind stress

c) 1000hPa Divergence

d) 850hPa Specific humidity
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Figure 7: Day 10 linear regressions of PC-4 with 20-100 day bandpass filtered (a) rainfall (mm day-1) and
850hPa wind (ms-1), (b) SST and surface temperature (oC) and surface wind (ms-1), (c) 850hPa specific hu-
midity (kg kg-1), (df) as (a-c) but for day 20. Significance testing and scaling as in Fig. 4.
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Figure 8: Steady-state response of 850hPa wind (ms-1) and relative vorticity (s-1) to day 10 heating.
(a) positive heating over the Bay of Bengal, (b) positive heating over the equatorial west Pacific, (c)
negative heating over the tropical west Pacific, and (d) total response [sum of (a), (b), and (b)].

a) Positive heating over the Bay of Bengal

c) Negative heating over the tropical west Pacific

b) Positive heating over the equatorial west Pacific

d) All heatings
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Figure 9: Steady-state response of 850hPa wind (ms-1) and relative vorticity (s-1) to day 20 (a) positive heat-
ing over the tropical west Pacific, (b) all heatings, and (c) vertical profile of anomalous vertical velocity (ω,
hPa s-1) averaged over India (70o-100oE, 10o-25oN) based on north tropical west Pacific heating (closed cir-
cles) and negative heating over the equatorial Indian Ocean (open circles). Positive (negative) values corre-
spond to descent (ascent).

a) Positive heating over the tropical west Pacific

c) ω anomalies over India

b) All heatings
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Figure 10: Linear regressions of PC-4 with 20-100 day bandpass filtered specific humidity (kg kg-1)
at 92.5oE, averaged between 15oN-20oN, from 1000hPa to 300hPa as a function of time lag (-25 to
25 days). Significance testing and scaling as in Fig. 4.
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Figure 11: Temporal evolution of 700hPa geopotential height anomalies (m) for day 20 positive heating over
the tropical west Pacific. (a) day 3, (b) day 6, (c) day 9, and (d) day 12.

a) Day 3

b) Day 6

c) Day 9

d) Day 12
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Figure 12: As Fig. 11 but for day 20 negative heating over the equatorial Indian Ocean.

a) Day 3

b) Day 6

c) Day 9

d) Day 12


